The one-and two-dimensional protein patterns of Streptococcus thermophi/us PB18 in the exponential and stationary phases of growth were analysed. Onedimensional SDS-PAGE showed that a 16 kDa protein was overexpressed in stationary phase as well as 2 h after an acid shock, and that it was not expressed when the bacteria reached the stationary phase in medium with limiting lactose concentrations (5 or 10 g P), in which the pH (55) was not as acid as in control cultures (pH 4-78 lactose 20 g [-I). The results support the idea that this protein is expressed in response to the acidic environment and not in response to the growth phase. Two-dimensional PAGE showed that nine proteins were expressed only during the exponential phase and ten others only during the stationary phase. The 16 kDa band seen in one-dimensional SDS-PAGE corresponded to a 16 kDa protein family observed on twodimensional SDS-PAGWIEF gels, whose expression was increased 85-fold when the extracellular pH reached a critical value below 59. The N-terminal sequences of proteins from two spots on the two-dimensional gels (members of the 16 kDa family) were determined and found to be identical. The physiological role of this protein family has not yet been elucidated.
INTRODUCTION
Lactic acid bacteria (LAB), which are the bacteria used most commonly in the dairy industry, are able to grow in numerous natural media that are strongly acidified by their lactic acid production. They can grow over a wide external pH range (pH,) and are able to survive for long periods in acid medium, from where they are generally isolated for use as starters. Their optimal growth pH, can vary from 5-5 to 7.0, and the final pH, of the cultures ranges from 4.0 to 4.6 . The stationary phase generally occurs in bacteria when the culture medium is exhausted, whereas in LAB the stationary phase is reached when the internal pH (pH,) attains low values (Hutkins & Nannen, 1993) . As in other micro-organisms, the physiological mechanisms of pH homeostasis in LAB include the use of a H+ antiport system to maintain pH, relatively constant over a wide range of pH, (Booth, 1985; Kashket, 1985 Kashket, ,1987 Hutkins & Nannen, 1993) . Little is known about modification of protein expression in LAB during the stationary phase, especially at low pH, or during a strong pH shift. The modifications occurring in the stationary phase or during a pH, shift have been studied principally in Enterobacteriaceae (Hengge-Aronis, 1993 ; Kolter et al., 1993) , Bacillus subtilis (Sonenshein, 1989) and Streptococcus mutans (Hamilton & Buckley, 1991) . The LAB used in the dairy industry are selected for their flavour, texture and acidification properties. During industrial processes LAB are subject to stresses such as alteration in temperature and pH, shifts, and stress also occurs during preservation, starvation, freezing and lyophilization. Hence the stress responses of LAB are of interest and practical relevance. Knowledge of the mechanisms Of resistance to be used to improve the technology of starters and certain products (Guzzo et a/., 1994) . IP: 54.70.40.11 On: Fri, 07 Dec 2018 23:30:36 H. GONZALEZ-MARQUEZ and OTHERS Within the LAB group, Streptococcus thermophilus is one of the most widely used bacteria in the dairy industry. In our laboratory collection, S. thermophilus PB18 is a strain with high acidification rates in both milk (0.006 ApH min-l) and culture medium (0.013 ApH min-l). This strain is characterized by a 16 kDa protein (PI 5.7) that is strongly expressed in the stationary phase (Guimont et al., 1994) . It also harbours a cryptic 3.5 kb plasmid (C. Guimont, personal communication) . In order to characterize this major protein, we decided to study the kinetics of its appearance by one-and twodimensional PAGE and its relation with the growth phase and the acid environment.
METHODS
Bacterial strain. The strain used was Streptococcus therrnophilus PB18, from our laboratory collection. It was preserved in reconstituted skimmed milk (10 '/o, w/v), and maintainance subcultures were made each month. An overnight preculture was produced in skimmed milk at 42 OC before each experiment.
Media and growth conditions. Cultures in TPPY medium (Bracquart, 1981) or in M17 medium (Terzaghi & Sandine, 1975) , supplemented with 20 g lactose 1-1 sterilized by filtration, were incubated at 42 "C without aeration. pH, shifts were performed by adding aliquots of 85% (v/v) DL-lactic acid or glacial acetic acid. Cell viability was estimated by spreading treated suspensions at an appropriate dilution on TPPY plates and counting survivors.
Preparation of whole-cell soluble proteins. Cells were harvested by centrifugation. After being washed twice in 50 mM sodium phosphate buffer, pH 7.0, the cell pellet was suspended in sonication buffer (1 mM 2-mercaptoethanol, 0.1 mM EDTA and 50 mM Tris/HCl pH 7.0) and sonicated for 3 min at 10 W with a 50% pulse (Vibracell600 W, Sonics & Materials). The soluble protein fraction of the supernatant was obtained after centrifugation and the protein content was measured by the method of Bradford (1976) , using BSA as a standard. Protein samples were dissolved in 25 mM Tris/HCl, 2% (w/v) SDS, 47 mM 2-mercaptoethanol and 10% (v/v) glycerol pH 6.8 for one-dimensional (1D) SDS-PAGE, and in 8.0 M urea, 3.2 O/O (v/v) Triton X-100, 1.76 '/o (v/v) Millipore 3-10 carrier ampholytes and 80mM DTT for twodimensional (2D) electrophoresis.
SDSPAGE.
The electrophoretic analysis of protein was performed according to Laemmli (1970) , modified by the use of a 10-25 '/o acrylamide gel gradient (Guimont et al., 1994) . 2D electrophoresis. High-resolution 2D gel electrophoresis was performed by the method of O'Farrell (1975) , using the Investigator 2-D gel system (Millipore). Isoelectric focusing (IEF) was performed in a 4 '/o T, 2.6 '/o C polyacrylamide tube gel (18 cm in length with a 1 mm internal diameter). The IEF gel also contained 9.5 M urea, 2.0% (v/v) Triton X-100 and 2.0 YO (v/v) Millipore 3-10 carrier ampholytes. IEF gels were prefocused to 1.5 kV for 2 h with current limited to 110 pA per gel. Focusing was done for a total of 18 kV h. Seconddimension electrophoretic separation was performed in 1 2 5 '/o T, 2.6% C polyacrylamide gels containing 0.375 M Tris, 0.1 '/o SDS, pH 8.8. The electrode buffer was 0.025 M Tris, 0.192 M glycine, 0.1 '/o SDS, pH 8.3. For silver staining, 20 pg protein was used in electrophoretic separation. Silver staining of proteins was done by Morrissey's method with modifications (Patton et al., 1990) . Gel analysis. Gels were scanned and analysed using the BioImage 2D computerized system; the analysis was performed for three gels for each condition, each from a different experiment. Molecular masses were determined with internal standards (MW-SDS-70L, Sigma). N-terminal sequence. After 2D electrophoresis, the proteins were transferred to a PVDF membrane (Bio-Rad) in a graphite electroblotter system (MilliBlot, Millipore). The gel was equilibrated in 0.5 x Towbin buffer (Towbin et al., 1979) with 0.1% SDS for 10 minutes. The transfer was performed at 100 V and 1250 pA cmW2. After the transfer, the membrane was stained with 0 1 '/o Coomassie blue R250 in 40 '/o methanol for 5 min and destained with 50% methanol. The sequence was determined at the Service Commun de Skquence de Protkines, Facultk des Sciences, Henri Poincark -Universitk Nancy I, in an automatic Edman degradation microsequencer (Perkin Elmer, Applied Biosystems Division). The computational database analysis was performed at NCBI with the BLAST (Altschul et al., 1990) network service, using the nonredundant peptide sequence database.
RESULTS

Overexpression of the 16 kDa protein
S . thermophilus PB18 is an industrial strain which overexpresses a 16 kDa protein in the stationary phase. This protein was not expressed in another control strain of S. thermophilus (4F44), in either the exponential or the stationary phase in M17 or TPPY medium (Fig. l) , and its expression was independent of the culture medium. When PB18 was grown in TPPY, pHo dropped from 7.0 to 4-7, the cells aggregated and development stopped. The relative intensity of the 16 kDa band increased from 4.4 YO in the exponential phase to 12.4 Yo in the stationary phase. Even when growth stopped and the cells aggregated, they continued to accumulate the protein for at least 2 h (Table 1 ). These results suggest that the overproduction of the 16 kDa protein may be linked to the stationary phase condition, but it could also be an adaptation to the acidic environment, or both.
kDa protein expression and the stationary phase
To determine whether the acid environment or the growth phase induced the overexpression of this protein, PB18 was grown in M17 supplemented with 5-20g lactose 1-l. At lactose concentrations of 5 and 10 g l-l, the bacteria reached the stationary phase earlier, the final pHo was less acid and the cells did not aggregate, in contrast with those growing in the same medium supplemented with 20 g lactose 1-1 ( Fig. 2a ). SDS-PAGE of proteins from cells in the stationary phase showed that the 16 kDa band appeared only in cells growing in M17 supplemented with 20 g lactose 1-1 (pH, 4.7) ( Fig.   2b ). Similar results were obtained when TPPY was supplemented with 19 g sodium /I-glycerophosphate 1-1 and 20 g lactose 1-l. The bacteria reached an OD,,, of 4 5 (in contrast to a value of 1.0 in non-buffered medium) and the 16 kDa protein was overexpressed later in the culture, when the pHo fell below 4.9 (data not shown). 4) and 4F44 (lanes 4-8) were grown in TPPY (1, 3, 5, 7) or M17 (2,4,6,8) medium; the cells were collected in exponential phase, pH 6.5 (lanes 1, 2, 5, 6) or in the stationary phase, pH 4.7 (lanes 3,4, 7, 8) . MI molecular mass standards. The position of the 16 kDa protein is marked with an arrow. '' Determined from scans of 1D SDS-PAGE gels.
Expression of the 16 kDa protein in response to acid shock
S. thermophilus PB18 cells were harvested during the exponential phase (pH, 6.5) and resuspended in M17 acidified to pH 4.9 with lactic or acetic acid (Fig. 3a) .
The cells subjected to the acid shock stopped growing, but were still alive ( Fig. 3b ). Although growth of the acid-shocked cells stopped, the production of the 16 kDa protein was induced and its production continued for 2 h after the shock (Table 2) , attaining the same value as observed for control stationary-phase cells in the same medium. These results support the idea that the 16 kDa protein was overexpressed in response to the acid environment.
2D PAGE gel analysis
To determine more precisely which proteins were synthesized in the stationary phase (acid pH), in comparison with the exponential phase, the 2D PAGE protein patterns were analysed. Analysis of the gels showed that nine proteins were produced exclusively in supplemented with different concentrations of lactose (@, ., A, 5, 10 and 20 g I-l, respectively). At 5 and 10 g lactose I-' bacteria stopped growing a t a higher pH, than that of the medium supplemented with 20g lactose I-'. (b) SDS-PAGE pattern of proteins extracted a t the end of the culture. The SDS-PAGE gel was treated as in Fig. 1 . The 16 kDa protein band (avowed) was present only in cells growing with 20g lactose 1-l. MI molecular mass standards.
the exponential phase (Table 3 , Fig. 4a ) and ten proteins were produced only in the stationary phase (Fig. 4b) .
Their molecular masses varied from 9 to 52 kDa in the first case, and from 16 to 43 kDa in the second. Moreover, there were 25 protein spots whose intensity increased at least fivefold in the stationary phase in comparison with the exponential phase (Table 4 ). In contrast, 27 proteins decreased their intensity in stationary phase in comparison with the exponential phase ( Table 5 ). As shown in Fig. 4(b) , the proteins that showed the most marked intensity upshift in the stationary phase were the 16 kDa protein family (bold numbers in Table 4 ), notably spot 550, which increased its intensity lso-fold, and spot 451, which increased 25fold. 2D PAGE also highlighted the existence of several characteristic zones, such as the 19 kDa zone, in the stationary-phase patterns. Here, we could observe partial hydrolysis of the proteins that produced a reproducible smear in each stationary-phase gel (Fig.  4b) .
N-terminal sequence
The N-terminal sequences of the proteins from spots 451 and 454 were determined. Ten amino acid residues for each spot were resolved and both sequences were identical (Fig. 5) .
DISCUSSION
S. thermophilus PB18 grows rapidly and strongly acidifies its culture medium. The 1D SDS-PAGE pattern of soluble proteins showed overexpression of a 16 kDa protein in the stationary phase, when the bacteria had acidified the growth medium. This overexpression was not affected by the composition of the culture medium, (pH, 4.7) . The gels were stained as indicated in Methods. White squares indicate proteins that increased their expression at least fivefold. White circles indicate proteins that were expressed exclusively in the specific growth phase. The arrows mark the 16 kDa protein family, with spot numbers indicated.
but the presence of buffer delayed the appearance of the 16 kDa protein. When the lactose concentration was the limiting factor (5-10 g l-'), the cells reached the stationary phase but the 16 kDa protein was not overexpressed; in this case, the pH, was not sufficiently acid, and the cells did not aggregate. The aggregation phenotype is showed by many S. tbermopbifus strains in acid conditions and it is not linked to the overproduction of a 16 kDa protein nor to the harbouring of plasmids (Guimont etaf., 1994) . The 16 kDa protein band seemed to be overproduced when the pH, reached a critical value of about 5.0. This protein was likewise produced when a very rapid pH, shift-down occurred in exponential-phase cells ; these results agree with those of Hickey & Hirshfield (1990) for Escherichia cofi, in which 13 polypeptides increased 1.5to 4-fold in comparison with the control. The same authors described that in Salmonella typhimurium, 19 polypeptides increased 2to 14-fold over the pH, 7.0 control. However, it has been shown that shifting S . typhimurium from pH, 7.7 to 4.5 or below changes the expression of at least 43 proteins (Foster & Hall, 1991) . The stationary phase sigma factor, a", is also induced and is responsible for the induction of seven additional proteins (Lee et al., 1995) . In our laboratory, when PB18 was tested for
[ 35S] methionine incorporation after the acid shock, only ten proteins showed in the autoradiogram, one of which was a 16 kDa protein.
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H. GONZALEZ-MARQUEZ a n d OTHERS Few studies have been carried out regarding protein expression in LAB under acid stress. Auffray et al. (1995) showed that in Streptococcus thermophilus, at least 22 polypeptides with molecular masses ranging from 30 to 100 kDa were present in increased amounts or were newly synthesized after the heat shock. Interestingly, the increase':,of the proteins of 84, 72, 63 and 31 kDa was striking. 'Unfortunately, their gels were not able to show proteins below 30 kDa.
Leuconostoc oenos, a wine-adapted LAB, has good tolerance to acid; when this bacterium underwent an acid shock, at least five proteins were produced, and these proteins seem to be identical to those expressed in heat shock (Guzzo et al., 1994) . The same authors succeeded in isolating a strain that had a greater resistance to acid (~H~2 . 6 ) after adaptation. In this case, a 42 kDa protein appeared to be overexpressed (Guzzo et al., 1994) .
In Lactococcus lactis it was demonstrated that 30 independent mutations conferred acid stress resistance at 37 "C (Rallu et al., 1996) . The identification of these 5. thermophilus 29 (Hashiba et a/., 1993) is shown for comparison. mutations allowed the identification of ahrC (Baumberg 8c Klingel, 1993) , and stringent response pathway genes.
The 2D electrophoresis protein pattern showed that the IP: 54.70.40.11
On: Fri, 07 Dec 2018 23:30:36 Streptococcus therrnophilus 16 kDa protein family 16 kDa SDS-PAGE band in S. thermophifus corresponded to a 16 kDa protein family that increased their expression 8.5-fold in acid conditions. Within this family, spot 550 showed the highest relative increase but spots 451 and 454 reached the highest absolute value (Table 4, Fig. 4b ). The addition of the intensities of all these 16 kDa spots would explain the high intensity of the 16 kDa band seen in 1D electrophoresis. The 2D electrophoresis pattern also showed other changes in protein expression between the exponential and stationary phases ; these changes corresponded to the induction of ten proteins and the repression of nine others in the stationary phase. In E . cofi, 26 peptides were easily detected on 2D gels of carbon-starved cultures (Groat et af., 1986) . In the stationary phase, lactose degradation by LAB results in lactate accumulation and consequent acidification of the medium to as low as pH 4-0. Either acidification or lactate, or both, may inhibit further growth and metabolism, even if nutrients are still available (Piard & Desmazeaud, 1991) , so the LAB response to stationary phase could be quite different from that of E . cofi. The comparison of the N-terminal sequence of spots 451 and 454 with the databases showed 100% identity with a non-translated ORF from the S. thermophifus plasmid pNSTl (Hashiba et af., 1993) . The putative product of this ORF corresponds to a protein which has an identity of 41% with the HSP18 from Clostridium acetobutyficum (Sauer & Durre, 1993) , and it could be a member of the small HSP family recently described in Streptomyces afbus (Servant & Mazodier, 1995) . In the present study, we have shown that the industrial strain Streptococcus thermophilus PB18 overexpressed a 16 kDa protein family in acid conditions but not when the cells reached the stationary phase with a pH higher than 5.0. The 16 kDa protein family showed an 8.5or 12-fold increase in expression determined from 2D PAGE gels or 1D gels, respectively. PB18 expressed a set of ten new proteins and ceased the production of nine proteins when entering the stationary phase. These proteins could play a role in stationary phase physiology and/or acid pH, resistance and their identification and characterization will be future research topics. The purification and characterization of the 16 kDa protein family is under way in our laboratory.
